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14.  ABSTRACT 

The  Ron  receptor  tyrosine  kinase  is  over-expressed  and  over-activated  in  a  cohort  of  human  cancers,  with  the  most  compelling 
data  yet  found  in  breast  cancer.  Specifically,  Ron  is  overexpressed  in  approximately  50%  of  human  breast  cancers,  and  has 
been  shown  to  be  an  independent  predictor  of  both  metastases  and  poor  prognosis  in  women  with  this  disease.  While  Ron 
overexpression  appears  to  be  an  important  factor  in  human  breast  cancer  growth  and  metastasis,  a  significant  gap  exists  in  our 
knowledge  about  the  signaling  pathways  that  Ron  activates  in  breast  tumors,  and  about  the  importance  of  these  pathways  with 
respect  to  overall  tumor  growth  and  metastatic  dissemination.  Our  laboratories  have  shown  that  mammary  tumors  from  mice 
overexpressing  Ron  selectively  in  the  mammary  epithelium  exhibit  increased  levels  of  the  Dek  proto-oncogene.  In  addition,  we 
also  show  that  ligand-induced  Ron  activation  in  human  and  murine  breast  cancer  cell  lines  induces  the  accumulation  of  Dek 
protein.  This  accumulation  of  Dek  is  significant  as  Dek  overexpression  in  breast  cancer  cell  lines  leads  to  increases  in  cell 
growth  and  migration  while  Dek  depletion  in  breast  cancer  cells  leads  to  dramatic  reductions  in  cell  growth  and  migration. 
Moreover,  we  also  show  that  Dek  deficient  cells  are  more  susceptible  to  DNA  damage.  Based  on  these  data,  our  goal  is  to  test 
the  hypothesis  that  Ron-mediated  Dek  upregulation  contributes  functionally  to  breast  cancer  development,  dissemination  and 
resistance  to  clastogenic  therapies  and  that  targeting  the  Ron-Dek  signaling  axis  may  represent  an  important  new  therapeutic 
option  for  the  treatment  of  breast  cancer.  To  test  this  hypothesis,  two  Specific  Aims  were  proposed.  In  Aim  1,  we  will 
determine  the  requirement  of  Dek  in  Ron  overexpressing  breast  cancers  utilizing  a  combination  of  Dek  loss  of  function  and  Ron 
transgenic  overexpression.  Aim  2  will  examine  the  therapeutic  utility  of  targeting  Ron  and  Dek  on  beta-catenin  activation  and 
breast  cancer  growth.  The  proposed  studies  are  uniquely  innovative  in  many  aspects.  First,  the  experiments  involve  a  new 
murine  model  of  aggressive  breast  cancer  that  was  developed  in  the  Waltz  laboratory,  which  mimics  Ron  overexpression 
observed  in  human  patients.  Second,  we  are  using  a  new  Dek  knockout  mouse  model  that  was  characterized  and  recently 
reported  by  the  Wells  laboratory.  Third,  the  role  of  Dek  in  Ron-driven  breast  cancer,  alone  or  in  combination  with  chemotherapy 
has  not  been  tested.  Fourth,  directly  assessing  the  involvement  of  the  Ron-Dek  axis  in  breast  cancer  is  a  novel  idea  as  it  is 
unknown  if  Dek  loss  will  reduce  local  tumor  growth  and/or  the  incidence  of  metastasis  in  a  relevant  in  vivo  system  of  breast 
tumorigenesis.  Thus,  we  feel  the  new  connection  of  the  Ron-Dek  signaling  pathway  and  Ron/Dek  as  therapeutic  targets 
represents  a  highly  innovative  area  of  study  which  may  have  an  enormous  impact  on  future  diagnosis  and  treatment  of  patients 
with  breast  cancer. 
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1.  INTRODUCTION 

The  overall  goal  of  our  study  to  is  test  the  hypothesis  that  Ron-mediated  Dek  upregulation  contributes 
functionally  to  breast  cancer  development,  dissemination  and  resistance  to  clastogenic  therapies  and  that 
targeting  the  Ron-Dek  signaling  axis  may  represent  an  important  new  therapeutic  option  for  the  treatment  of 
breast  cancer. 


2.  KEY  WORDS 

Ron  receptor,  Dek,  beta-catenin,  breast  cancer 


3.  ACCOMPLISHMENTS 

To  meet  the  goals  of  this  study,  two  Tasks  were  outlined  in  the  approved  Statement  of  Work. 

Task  1:  Determine  the  functional  significance  of  Dek  expression  in  Ron-driven  breast  tumorigenesis 
and  tumor  response  to  chemotherapy. 

Task  2:  Examine  the  therapeutic  utility  of  targeting  Ron  and  Dek  on  beta-catenin  activation  and  breast 
cancer  growth. 

Task  1 

Task  1  was  split  into  two  main  objectives.  The  first  objective  was  to  define  the  role  of  Dek  in  Ron-driven 
tumorigenesis,  which  accomplished  during  Years  1  and  2.  These  studies  were  recently  published  and  a 
preprint  of  the  manuscript  was  appended  in  the  last  progress  report  (1).  To  summarize  the  information  in  this 
publication,  our  studies  identified  two  commonly  overexpressed  breast  cancer  oncogenes,  Ron  and  Dek,  which 
cooperate  to  promote  advanced  breast  cancer  through  multipronged  stimulatory  effects  on  beta-catenin 
signaling.  We  demonstrated  that  Dek  is  a  downstream  target  of  Ron  receptor  activation  in  murine  and  human 
models.  The  absence  of  Dek  in  the  clinically  relevant  murine  model  of  breast  cancer  driven  by  mammary 
specific  Ron  overexpression  (MMTV-Ron  mice)  led  to  a  significant  delay  in  breast  tumor  development, 
characterized  by  decreased  cell  proliferation,  diminished  metastasis  and  fewer  cells  expressing  mammary 
cancer  stem  cell  markers.  Dek  expression  stimulated  the  production  and  secretion  of  Wnt  ligands  to  sustain  an 
autocrine/paracrine  canonical  beta-catenin  signaling  loop.  Finally,  our  data  showed  that  Dek  overexpression 
promoted  tumorigenic  properties  in  immortalized  human  mammary  epithelial  MCF10A  cells  and  in  the  context 
of  Ron  receptor  activation,  correlated  with  disease  recurrence  and  metastasis  in  breast  cancer  patients.  The 
results  of  these  studies  showed  that  Dek  overexpression,  due  in  part  to  Ron  receptor  activation,  drives  breast 
cancer  progression  through  the  induction  of  Wnt/beta-catenin  signaling.  (Initiating  and  Partnering  Pis). 

During  the  course  of  the  analysis  of  the  MMTV-Ron  mice,  we  noted  that  mammary  tumors  in  this  model 
exhibited  upregulation  of  the  Ron  ligand,  HGFL  (hepatocyte  growth  factor-like  protein).  While  many  studies 
have  now  established  Ron  as  an  important  contributor  to  breast  cancer,  the  necessity  of  tumor  cell  produced 
HGFL  had  not  been  investigated  (2).  Utilizing  tissues  obtained  in  the  aforementioned  studies  combined  with 
mammary  tumor  tissues  collected  from  HGFL  deficient  MMTV-Ron  mice,  we  demonstrated  that  HGFL  is 
important  for  the  oncogenic  activation  of  Ron  in  vivo.  We  showed  that  HGFL  ablation  delayed  mammary  tumor 
initiation  and  that  HGFL  is  a  critical  factor  for  mammary  tumor  cell  proliferation  and  survival.  Further,  we 
showed  that  HGFL  loss  led  to  marked  differences  in  the  tumor  microenvironment  of  MMTV-Ron  tumors 
correlating  with  increased  macrophage  and  T-cell  recruitment  as  well  as  augmented  T-cell  activation  and 
cytotoxicity.  Details  of  these  studies  were  recently  published  with  the  paper  appended  to  this  report  (2). 

The  second  objective  of  Task  1  was  to  generate  Ron  and  Dek  modulated  mammary  tumor  cell  lines  and  to 
examine  the  function  of  the  Ron-Dek  expression  in  breast  cancer  growth  and  chemotherapeutic  resistance  in 
vitro  and  in  vivo.  During  the  past  year,  we  generated  and  characterization  mammary  tumor  cell  lines  derived 
from  MMTV-Ron  mice.  Specifically,  we  generated  isogenic  mammary  tumor  cell  lines  which  exhibit  high  Ron 
and  Dek  expression  (R7  cells),  have  a  knockdown  of  Ron  (shRon  cells)  or  have  a  knockdown  of  Dek  (shDek 
cells)  (Figure  1,  Left).  Viability  of  these  cell  lines  was  first  examined  in  vitro.  As  shown  in  Figure  1  (Right), 
Ron  knockdown  induced  a  significant  decrease  in  mammary  tumor  cell  growth  compared  to  control  and  Dek 
knockdown  cells  through  48  hrs  of  analysis.  In  cell  counting  assays,  Dek  loss  was  also  able  to  reduce  growth 
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over  time  but  was  not  as  effective  as  decreases  in  Ron  expression,  likely  representing  the  addiction  of  the  cells 
to  Ron  expression  (data  not  shown).  The  mammary  tumor  cell  lines  were  then  evaluated  for  their  response  to 
the  chemotherapeutic  agent,  cisplatin.  As  shown  in  Figure  2,  both  Ron  and  Dek  knockdown  enhanced 
sensitivity  to  cisplatin  treatment  in  vitro.  Ron  knockdown  reduced  the  viability  of  shRon  cells  (which  already 
exhibit  reduced  growth  as  a  result  lessened  Ron  expression)  by  an  additional  34%  compared  to  untreated 
shRon  cells.  Similarly,  Dek  knockdown  provided  striking  increases  in  sensitivity  to  cisplatin  chemotherapy, 
likely  through  deregulation  of  DNA  damage  response  pathways. 
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Figure  1.  Generation  of  isogenic  mammary  tumor  cell  lines  from  MMTV- 
Ron  mice.  Left.  Modulation  of  Ron  and  Dek  in  the  R7  mammary  tumor  cell  line 
through  shRNA  mediated  knockdown  as  examined  by  Western  analysis.  Right. 
Growth  of  R7  modulated  cell  lines  as  judged  by  MTT  assays  at  0  and  48  hrs. 
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Figure  2.  Sensitivity  of  R7 
modulated  cells  to  cisplatin. 

R7,  shRon  and  shDek  cells 
were  treated  with  cisplatin  and 
cell  viability  was  examined  by 
MTT  assays.  Each  cell  line 
was  normalized  to  the  growth 
of  the  identical  cell  line  in  the 
absence  of  cisplatin  treatment. 
Both  Ron  and  Dek  provide 
resistance  to  chemotherapeutic 
treatment. 


To  directly  examine  the  in  vivo  role  of  Ron  and  Dek  in  breast 
tumor  growth,  the  R7  modulated  mammary  tumor  cell  lines  (R7, 
shRon  and  shDek)  were  orthotopically  implanted  into  the 
mammary  glands  of  immunocompetent  FVB  mice.  Following 
transplantation,  tumor  growth  was  temporally  assessed.  Figure 
3  depicts  growth  curves  of  R7,  shRon  and  shDek  breast  cancer 
cells  in  vivo.  Knockdown  of  either  Dek  or  Ron  lead  to  a  dramatic 
reduction  in  tumor  growth.  Studies  in  the  next  funding  period  will 
examine  the  extent  of  this  growth  in  combination  with 
chemotherapy  treatment. 


Figure  3.  Growth  of  Ron  and  Dek 
modulated  breast  cancer  cell  lines  in 
vivo.  R7,  shRon  and  shDek  mammary 
tumor  cells  were  orthotopically  implanted 
into  the  mammary  gland  of  syngeneic  FVB 
hosts.  Tumor  growth  was  calculated  over 
time. 
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Task  2 


The  goal  of  Task  2  as  outlined  in  the  approved  Statement  of  Work  was  to  examine  the  utility  of  targeting  Ron 
and  Dek  on  beta-catenin  activation  and  breast  cancer  growth.  We  proposed  the  use  of  oncolytic  viruses 
containing  shRNA  to  target  Dek  and  the  use  of  neutralizing  antibodies  to  target  Ron.  As  mentioned  in  the  prior 
progress  report,  we  performed  an  initial  characterization  of  the  1716HSV  Dek  knockdown  vectors  and  found 
that  these  constructs  were  not  able  to  efficiently  target  Dek.  We  continued  to  work  with  Virttu  Biologies  to 
design  the  next  generation  of  1716Deksh  constructs  which  we  anticipated  would  have  the  capability  to  silence 
Dek  expression.  During  this  past  funding  period,  we  tested  available  oncolytic  virus  to  target  Dek  and  and 
deemed  this  approach  unsuccessful  due  to  the  low  Dek  targeting  efficiency.  While  the  1716HSV  platform 
remains  the  a  viable  strategy  to  therapeutically  target  the  Dek  oncogene  given  that  the  protein  is  not  yet 
amenable  to  small  molecule  treatment  and  a  crystal  structure  not  available,  alternatives  for  Dek  targeting 
through  the  use  of  RNA  nanoparticle  technology  are  currently  being  examined.  As  we  did  not  obtain 
substantive  results  through  the  oncolytic  virus  targeting  of  Dek,  we  modified  our  approach  to  target  Dek 
through  genetic  manipulation.  As  such,  we  knocked  down  Dek  or  reconstituted  Dek  in  murine  mammary  tumor 
cell  lines  from  MMTV-Ron  mice  with  data  reported  in  Figures  1-3  and  (3). 

To  examine  Ron  targeting,  we  chose  to  inhibit  Ron  through  the  use  of  the  small  molecule  inhibitor  BMS- 
777607  which  selectively  targets  this  receptor.  In  vitro,  we  demonstrated  that  BMS  treatment  of  R7  cells  dose 
dependently  reduced  Ron  receptor  activation  (Figure  4).  R7  cells  were  subsequently  implanted  into  the 
mammary  glands  of  immunocompetent  mice.  After  the  formation  of  palpable  tumors,  mice  were  treated  either 
with  vehicle  or  with  BMS  for  2  weeks.  Tumor  kinetics  were  evaluated  temporally  and  are  depicted  in  Figure  4. 
Short  term  BMS  treatment  was  able  to  effectively  suppress  mammary  tumor  growth.  These  data  show  that 
targeting  Ron  signaling  may  be  an  effective  approach  to  limit  mammary  tumor  progression. 


pM  BMS 
pRon 

Ron 

Tubulin 


Time  post  treatment  (days) 


Figure  4.  BMS  selectively  targets  the  Ron  receptor  and  significantly  reduces  tumor  burden.  (A)  Cultured  R7 
mammary  tumor  cells  were  treated  with  BMS  at  the  specified  concentrations  for  2  hours  prior  to  protein  lysate 
collection  and  analysis  of  phospho-  and  total-Ron  levels.  (B)  R7  cells  were  orthotopically  implanted  into  the  fourth 
inguinal  mammary  gland  of  wild-type  FVB  mice  at  a  density  of  1 .5x1 0A5  cells  in  sterile  serum-free  media.  When  tumor 
sizes  reached  50  mm3  mice  were  gavaged  daily  with  75mg/kg  BMS  dissolved  in  methocel  for  6  days,  then  50  mg/kg 
BMS  for  an  additional  8  days  (BMS),  or  the  vehicle  control  (Ctrl).  Tumor  growth  was  monitored  regularly  for  3.5  weeks, 
n  =  4  mice  per  group. 


Key  Accomplishments 

•  Generated  compound  mice  containing  mammary  specific  Ron  overexpression  (MMTV-Ron)  combined 
with  Dek  hetero  and  homozygosity. 

•  Initiated  procedures  to  successfully  genotype  mice  from  breeding  colonies. 

•  Defined  the  impact  of  Dek  loss  in  Ron  overexpressing  mammary  tumors  though  temporal  analysis  of 
tumor  kinetics,  incidence,  and  growth. 

•  Identified  by  western  blot  analysis,  immunohistochemistry  and  qRT-PCR  the  alteration  in  Wnt  ligand 
induction  and  in  beta-catenin  activation  in  Dek  proficient  and  depleted  cells. 
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•  Performed  testing  of  Dek  targeted  oncolytic  viruses  and  determined  that  these  constructs  do  not 
effectively  mediate  Dek  suppression. 

•  Identification  of  metastatic  and  invasive  capabilities  of  Dek  overexpression. 

•  Further  data  on  Dek  as  an  important  downstream  Ron  effector  in  human  and  murine  breast  cancer. 

•  Determined  that  Dek  and  Ron  expression  cooperate  to  promote  beta-catenin  activity  and  that 
expression  of  both  genes  are  highly  correlated  with  breast  cancer  patient  survival. 

•  Found  that  high  Dek  and  Ron  expression  are  predictive  of  early  relapse  in  breast  cancer  and  correlated 
with  a  higher  risk  for  developing  distant  metastases. 

•  Identified  HGFL  upregulation  in  mammary  tumors  of  MMTV-Ron  mice  and  showed  that  this  expression 
is  important  for  tumor  growth  and  progression. 

•  Generated  mammary  tumor  cell  lines  with  modifications  in  Ron  and  Dek  expression. 

•  Determined  that  Ron  knockdown  in  murine  mammary  tumor  cell  lines  leads  to  decreased  cell  growth 
and  tumor  formation  in  vitro  and  in  vivo. 

•  Found  that  knockdown  of  Dek  in  murine  mammary  tumor  cell  lines  dramatically  enhances  sensitivity  to 
the  chemotherapeutic  cisplatin  as  well  as  leads  to  diminished  tumor  growth  in  vivo. 

•  Determined  that  BMS-777607  is  able  to  effectively  target  Ron  in  mammary  tumor  cell  lines  and  inhibit 
mammary  tumor  growth  in  vivo. 
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4.  IMPACT  &  CONCLUSIONS 

•  Our  data  provide  the  first  direct  demonstration  that  the  oncogene  Dek  is  a  downstream  target  of  Ron 
receptor  signaling  in  breast  cancer. 

•  We  demonstrated  that  the  MMTV-Ron  murine  breast  cancer  model  recapitulates  Dek  overexpression 
observed  in  human  breast  cancer. 

•  The  Dek  upregulation  observed  in  Ron  expressing  breast  tumors  provides  a  growth  and 
migratory/invasive  phenotype  to  the  breast  cancer  cells. 

•  Dek  loss  in  MMTV-Ron  mice  significantly  reduces  the  time  to  tumor  initiation  and  is  associated  with 
decreased  breast  cancer  cell  proliferation. 

•  Dek  expression  controls  key  molecules  involved  in  Wnt  signaling  in  breast  tumors  and  in  breast  cancer 
cell  lines. 

•  Dek  is  able  to  promote  breast  cancer  cell  proliferation  though  the  induction  of  Wnt  signaling. 

•  Dek  expression  positively  correlates  with  breast  cancer  stem  cell  numbers  and  mammosphere 
formation  ability. 

•  Dek  expression  is  important  for  breast  cancer  metastasis  in  vivo  and  metastatic  phenotypes  in  vitro. 

•  Ron  and  Dek  expression  cooperate  to  promote  beta  catenin  activity  and  disease  progression  in  primary 
human  breast  cancers. 

•  Based  on  studies  examining  genetic  inhibition  of  Ron  and  Dek  in  mammary  tumor  cell  lines,  our  studies 
demonstrate  that  Ron  and  Dek  represent  important  new  targets  which  may  impact  breast  cancer 
progression  either  alone  or  in  combination  with  chemotherapy. 
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5.  CHANGES/PROBLEMS 

•  Oncolytic  viruses  containing  shRNA  for  Dek  were  produced.  Testing  of  various  oncolytic  virus 
constructs  did  not  achieve  efficient  levels  of  Dek  knockdown.  Based  on  our  analysis,  the  use  of 
oncolytic  virus  to  target  Dek  does  not  appear  to  be  an  effective  approach.  Alternative  approaches  to 
target  Dek  will  be  pursued  outside  of  the  scope  of  this  proposal  and  may  include  the  use  of  nanoparticle 
targeting  methods. 

•  We  chose  to  inhibit  Ron  expression  through  the  use  of  the  small  molecule  inhibitor  BMS-777607 
instead  of  the  use  of  monoclonal  antibodies.  The  change  was  undertaken  as  this  inhibitor  is  now  in 
clinical  trials  and  may  therefore  be  clinically  relevant.  Our  preliminary  studies  demonstrated  that  BMS 
was  able  to  effectively  inhibit  Ron  phosphorylation/activation  and  produced  a  marked  block  in  tumor 
growth  in  vivo. 

•  Due  to  delays  in  the  obtaining  ACURO  approval  and  delays  in  finding  and  hiring  qualified  personal 
dedicated  to  performing  the  research  objectives,  an  additional  no  cost  extension  was  requested. 

• 


6.  PRODUCTS 

Gene  Targeted  Animals: 

Generated  breeding  colonies  to  obtain  MMTV-Ron  mice  that  are  wild  type  (+/+),  heterozygous  (+/-)  and 
deficient  (-/-)  for  Dek. 

Cell  lines: 

Generated  several  mammary  tumor  cell  lines  from  MMTV-Ron  mice  with  and  without  Dek  deficiency. 

Research  Opportunities: 

Sasha  Ruiz,  Graduate  student,  2013-present 
Eric  Smith,  Graduate  student,  2012-present 

Purnima  Wagh,  PhD,  2012-2013;  Graduated  with  her  PhD  in  December  of  201 3 
Nancy  Benight,  PhD,  2012-present;  Currently  supported  by  this  award 
Juana  Serrano-Lopez,  visiting  scientist,  2013-2015 
Nicholas  Pease,  Research  Assistant,  2013-present 
Lisa  Privette,  PhD,  2013-present 

Nathan  Head,  Undergraduate  Summer  Student  Research  Project,  May  2014-August  2014 
Jessica  Mace,  Undergraduate  Research,  University  of  Cincinnati,  May  2014-May  2015  (Graduated) 

Allison  Foster,  Summer  Undergraduate  Research  Fellow,  May  2015-August  2015 
Holly  Kraus,  Summer  Undergraduate  Research  Fellow,  May  2015-August  2015 

Manuscripts  under  preparation/submitted/published: 

The  Dek  oncogene  promotes  cellular  proliferation  through  paracrine  Wnt  signaling  in  Ron  receptor-positive 
breast  cancers.  Privette  Vinnedge  LM,  Benight  NM,  Wagh  PK,  Pease  NA,  Nashu  MA,  Serrano-Lopez  J, 
Adams  AK,  Cancelas  JA,  Waltz  SE,  Wells  SI. 

Oncogene.  2015  Apr  30;34(18):2325-36  PMID:  24954505  PMCID:  PMCID:  PMC4275425 

HGFL  supports  mammary  tumorigenesis  by  enhancing  tumor  cell  intrinsic  survival  and  influencing  macrophage 
and  T-cell  responses. 

Benight  NM,  Wagh  PK,  Zinser  GM,  Peace  PE,  Stuart  WD,  Vasiliauskas  J,  Pathrose  P,  Starnes  SL,  and  Waltz 
SE.  Oncotarget.  2015  Jul  10;6(19):1 7445-61  PMID:  25938541  PMCID  in  progress. 


Presentations: 

2015 

Benight  NM,  Wagh  PK,  Stuart  WD,  Waltz  SE.  HGFL  promotes  breast  tumor  growth  and  metastasis  through 
effects  on  the  tumor  proper  and  microenvironment.  The  Biology  of  Cancer:  Microenvironment,  Metastasis  & 
Therapeutics.  Cold  Spring  Harbor  Laboratories.  May  12-16,  2015  (poster  presentation). 

Benight  NM.  The  role  of  HGFL  in  tumorigenesis  and  metastasis.  Cancer  Therapeutics  Training  Grant  journal 
club.  March  17,  2015  (oral  presentation). 
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Foster  AA,  Benight  NM,  Johnson  A,  and  Waltz  SE.  “HGFL  dependent  Ron  signaling  reduces  sensitivity  to 
chemotherapy  and  is  associated  with  type  I  interferon  responses.”  August  2015,  Capstone  Summer  Research 
Symposium,  Cincinnati,  OFF  Poster  Presentation 

Kraus  FIE,  Ruiz-Torres  SJ  and  Waltz  SE.  FIGFL-Ron  signaling  enhances  the  therapeutic  resistance  of  breast 
cancer  stem  cells.  August  2015,  Capstone  Summer  Research  Symposium,  Cincinnati,  OFF  Poster 
Presentation 

Pease  N,  Kalfa  T,  PI  F,  Guo  P  and  Privette-Vinnedge.  The  Dek  oncogene  promotes  intracellular  iron  uptake 
and  is  a  therapeutic  target  in  breast  cancer.  2015  Biology  of  Cancer:  Microenvironment,  Metastasis  & 
Therapeutics  Meeting.  Cold  Spring  Harbor,  NY.  May  12-16,  2015.  Poster  presentation. 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  signaling  regulates  mammary  gland  development  and  breast 
cancer”.  2015  Biology  of  Cancer:  Microenvironment,  Metastasis  &  Therapeutics  Meeting.  Cold  Spring  Harbor, 
NY.  May  12-16,  2015.  Poster  presentation. 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.”  2015 
Research  Week.  UC,  UC  Health,  CCHMC  and  the  VAMC,  Cincinnati,  OH.  May  8,  2015.  Poster  presentation. 

Ruiz-Torres  SJ.  HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.  Cancer  and  Cell 
Biology  Graduate  Student  Seminar.  University  of  Cincinnati,  Cincinnati,  OH.  April  16,  2015.  Oral  Seminar 
Presentation 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.”  2015 
Graduate  Student  Research  Forum.  Cincinnati,  OH.  March  6,  2015.  Poster  presentation. 

Ruiz-Torres  SJ.  HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.  Cancer  Therapeutics 
Data  Critique.  University  of  Cincinnati,  Cincinnati,  OH.  February  17,  2015.  Oral  Presentation 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.”  Cancer 
and  Cell  Biology  Graduate  Program  Recruitment  Week.  University  of  Cincinnati,  Cincinnati,  OH.  February  13, 
2015.  Poster  presentation. 

2014 

Benight  NM,  Wagh  PK,  Stuart  WD,  Waltz  SE.  HGFL  promotes  breast  tumor  growth  and  metastasis  through 
effects  on  the  tumor  proper  and  microenvironment.  UC  Cancer  Institute:  The  Breast  Cancer  Journey 
Symposium,  University  of  Cincinnati  and  UC  Health,  Cincinnati  OH.  November  8,  2014  (poster  presentation). 

Benight  NM,  Wagh  PK,  Stuart  WD,  Waltz  SE.  HGFL  promotes  breast  tumor  growth  and  metastasis  through 
effects  on  the  tumor  proper  and  microenvironment.  University  of  Cincinnati,  Department  of  Cancer  Biology 
Retreat.  Nov.  1, 2014  (poster  presentation).  Voted  Best  Overall  Poster 

Head  NB,  Benight  N,  Waltz  SE.  The  Ron  Receptor  as  a  Promoter  of  Therapeutic  Resistance  in  Breast 
Cancer.  Summer  Undergraduate  Research  Fellowship  Capstone  Meeting.  August  1,  2014  (poster 
presentation). 

Privette  Vinnedge  LM,  Benight  NM,  Maag  L,  Waltz  SE,  Wells  SI.  Expression  of  the  Dek  oncogene  predicts  the 
response  of  breast  cancer  cells  to  chemotherapy.  Mechanisms  and  Models  of  Cancer  meeting.  Cold  Spring 
Harbor  Laboratory,  NY.  August  12-16,  2014  (poster  presentation). 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.”  Cancer 
and  Cell  Biology  Departmental  Retreat.  University  of  Cincinnati,  Cincinnati,  OH.  November  8,  2014.  Poster 
presentation. 

Ruiz-Torres  SJ  and  Waltz  SE.  “HGFL-Ron  Signaling  Enhances  Breast  Cancer  Stem  Cell  Populations.”  The 
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Breast  Cancer  Journey:  A  Snapshot  of  Research,  Evolving  Care,  and  Wellness.  University  of  Cincinnati  and 
University  of  Cincinnati  Cancer  Institute,  Cincinnati,  OH.  November  1, 2014.  Poster  presentation. 

Smith  EA,  Krumpelbeck  EF,  Kavanaugh  GM,  Gole  B,  Wiesmuller  L,  Meetei  AR,  Kappes  F,  Wells  SI.  The  RAD- 
ical  Dek  Oncogene  in  Chemoresistance.  International  DNA  Tumor  Virus  Meeting,  Madison  Wl.  July  26,  2014 
(oral  presentation). 

Smith  EA,  Krumpelbeck  EF,  Kavanaugh  GM,  Wells  SI.  The  RAD-ical  Dek  Oncogene.  University  of  Cincinnati 
MSTP  Spring  Retreat,  University  of  Cincinnati  College  of  Medicine,  Cincinnati,  OH;  Mar  24,  2014  (oral 
presentation). 

2013 

Benight  NM,  Wagh  PK,  Waltz  SE.  HGFL-dependent  Ron  signaling  is  critical  for  mammary  tumorigenesis. 
Frontiers  in  Basic  Cancer  Research.  September  20,  2013  (poster  presentation). 

Benight  NM,  Wagh  PK,  Waltz  SE.  HGFL-dependent  Ron  signaling  is  critical  for  mammary  tumorigenesis. 
Meet  the  Breast  Cancer  Team:  Innovative  Research  and  Patient  Care,  University  of  Cincinnati  and  UC  Health, 
Cincinnati  OH.  November  9,  2013  (poster  presentation). 

Benight  NM  and  Waltz  SE.  The  Role  of  HGFL  in  Breast  Cancer  Development  and  Metastasis.  Cancer 
Therapeutics  Data  Critique  and  Journal  Club.  November  5,  2013  (oral  presentation). 

Privette  Vinnedge  LM,  Wagh  PK,  Serrano-Lopez  J,  Waltz  SE,  Wells  SI.  The  Dek  Oncogene  Drives  Breast 
Cancer  Progression  and  Chemotherapeutic  Resistance.  Tenth  Anniversary  Interdisciplinary  Women's  Health 
Research  Symposium,  National  Institutes  of  Health,  Bethesda,  MD.  October  24,  2013  (oral  presentation). 

Privette  Vinnedge  LM.  Playing  with  a  full  Dek:  The  Dek  oncogene  drives  breast  cancer  progression  through  b- 
catenin  signaling.  Invited  guest  lecture,  Wright  State  University.  May  21, 2013  (oral  presentation). 

Ruiz-Torres  SJ,  Gurusamy  D,  and  Waltz  SE.  “Hepatocyte  Growth  Factor-Like  protein  is  a  positive  regulator  of 
early  mammary  gland  ductal  morphogenesis”.  Meet  the  Breast  Cancer  Team:  Innovative  Research  and  Patient 
Care  Conference,  University  of  Cincinnati  and  UC  Health,  Cincinnati,  OH,  November  9,  2013  (poster 
presentation). 

Ruiz-Torres  SJ,  Gurusamy  D,  and  Waltz  SE.  Hepatocyte  Growth  Factor-Like  protein  is  a  positive  regulator  of 
early  mammary  gland  ductal  morphogenesis.  2013  Graduate  Student  Research  Forum  (GSRF).  Cincinnati, 
OH,  October  15,  2013  (poster  presentation). 

Ruiz-Torres  SJ,  Gurusamy  D,  and  Waltz  SE.  Hepatocyte  Growth  Factor-Like  protein  is  a  positive  regulator  of 
early  mammary  gland  ductal  morphogenesis.  Meet  the  Breast  Cancer  Team:  Innovative  Research  and  Patient 
Care  Conference.  Cincinnati,  OH,  November  9,  2013  (poster  presentation). 


7.  PARTICIPANTS  AND  OTHER  COLLABORATING  ORGANIZATIONS 
SPECIAL  REPORTING  REQUIREMENTS 

Participants 

Susan  Waltz,  PI,  No  change 

Susanne  Wells,  PI,  No  change 

Sasha  J.  Ruiz-Torres,  Graduate  Student,  No  change 

Nancy  Benight,  Postdoctoral  Fellow,  Supported  by  DOD  Award  as  of  9/14/15 

Eric  Smith,  Graduate  Student,  No  change 

Lisa  Privette  Vinnedge,  Assistant  Professor,  No  change 

Allison  Foster,  undergraduate  student,  2  person  months.  Ms.  Foster  examined  cell  growth  in  relation  to  various 
chemotherapeutic  treatments  in  culture.  Funded  via  University  of  Cincinnati  Undergraduate  Research  Office. 
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Holly  Kraus,  undergraduate  student,  2  person  months.  Ms.  Kraus  focused  on  the  role  of  Ron  signaling  in 
breast  cancer  stem  cells  as  it  relates  to  resistance  to  chemotherapy.  Funded  through  an  NIH  ASPET  program. 
Juana  Serrano-Lopez,  Visiting  Scientist,  No  change 
Nicholas  Pease,  Research  Assistant,  No  change 


8.  SPECIAL  REPORTING  REQUIREMENTS 

A  duplicative  report  is  being  submitted  for  this  collaborative  award. 


9.  APPENDICES 

HGFL  supports  mammary  tumorigenesis  by  enhancing  tumor  cell  intrinsic  survival  and  influencing  macrophage 
and  T-cell  responses. 

Benight  NM,  Wagh  PK,  Zinser  GM,  Peace  PE,  Stuart  WD,  Vasiliauskas  J,  Pathrose  P,  Starnes  SL,  and  Waltz 
SE.  Oncotarget.  2015  Jul  1 0 ;6(  1 9) :  1 7445-6 1  PMID:  25938541  PMCID  in  progress. 
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ABSTRACT 

The  Ron  receptor  is  overexpressed  in  human  breast  cancers  and  is  associated 
with  heightened  metastasis  and  poor  survival.  Ron  overexpression  in  the  mammary 
epithelium  of  mice  is  sufficient  to  induce  aggressive  mammary  tumors  with  a  high 
degree  of  metastasis.  Despite  the  well-documented  role  of  Ron  in  breast  cancer, 
few  studies  have  examined  the  necessity  of  the  endogenous  Ron  ligand,  hepatocyte 
growth  factor- like  protein  (HGFL)  in  mammary  tumorigenesis.  Herein,  mammary 
tumor  growth  and  metastasis  were  examined  in  mice  overexpressing  Ron  in  the 
mammary  epithelium  with  or  without  HGFL.  HGFL  ablation  decreased  oncogenic  Ron 
activation  and  delayed  mammary  tumor  initiation.  HGFL  was  important  for  tumor  cell 
proliferation  and  survival.  HGFL  loss  resulted  in  increased  numbers  of  macrophages 
and  T-cells  within  the  tumor.  T-cell  proliferation  and  cytotoxicity  dramatically 
increased  in  HGFL  deficient  mice.  Biochemical  analysis  of  HGFL  proficient  tumors 
showed  increased  local  HGFL  production,  with  HGFL  loss  decreasing  (5-catenin 
expression  and  NF-kB  activation.  Re-expression  of  HGFL  in  HGFL  deficient  tumor 
cells  stimulated  cell  migration  and  invasion  with  coordinate  activation  of  NF-kB  and 
reduced  apoptosis.  Together,  these  results  demonstrate  critical  in  vivo  functions  for 
HGFL  in  promoting  breast  tumorigenesis  and  suggest  that  targeting  HGFL  may  inhibit 
tumor  growth  and  reactivate  anti-tumor  immune  responses. 


INTRODUCTION 

Breast  cancer  is  the  most  commonly  diagnosed 
cancer  amongst  women  in  the  US,  with  approximately 
12%  of  women  expected  to  develop  invasive  breast  cancer 
during  their  lifetime  [1].  While  treatment  advances  and 
earlier  detection  have  contributed  to  a  decline  in  death  rates 
for  breast  cancer  patients,  20  to  30%  of  patients  initially 
diagnosed  with  early  stage  disease  will  develop  metastatic 
breast  cancer,  many  in  spite  of  successful  treatment  of 
a  primary  tumor,  accounting  for  approximately  40,000 
deaths  annually  [1],  Thus,  understanding  the  mechanisms 


that  contribute  to  aggressive  breast  cancer  and  defining 
new  treatment  modalities  that  have  the  ability  to  combat 
the  growth  and  spread  of  this  disease  are  needed. 

The  Ron  receptor  tyrosine  kinase  is  a  member  of 
c-Met  family  of  receptors  and  is  upregulated  in  many 
cancers,  including  breast,  prostate  and  lung  [2].  Ron 
expression  is  minimally  detectable  in  normal  epithelial 
cells  of  the  mammary  gland  but  is  overexpressed  in  a 
majority  of  human  breast  cancers  [2-4].  Importantly, 
overexpression  of  Ron  in  patient  samples  correlates 
with  poor  prognosis  and  increased  metastasis  in  breast, 
ovarian  and  colorectal  cancers  [5-7].  Similar  to  human 
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breast  cancers,  the  feline  form  of  Ron  is  overexpressed 
in  about  40%  of  sporadic  feline  mammary  carcinomas, 
documenting  a  similar  role  for  Ron  overexpression  in 
breast  cancers  from  multiple  species  [8],  The  ligand  for 
Ron  is  hepatocyte  growth  factor-like  protein  (HGFL)  [9]. 
HGFL  binding  to  Ron  elicits  tumorigenic  potential  by 
regulating  epithelial  cell  proliferation,  motility,  adhesion 
and  anoikis  [10-13].  Studies  from  our  laboratory  were  the 
first  to  demonstrate  a  functional  significance  for  Ron  in 
breast  cancer,  with  loss  of  Ron  signaling  delaying  tumor 
initiation,  growth  and  metastasis  [14].  To  determine  if  Ron 
overexpression  could  be  causative  in  disease  progression, 
mice  that  overexpress  Ron  selectively  in  the  mammary 
epithelium  (MMTV-Ron  mice)  were  generated  [4].  In 
these  animals,  Ron  overexpression  was  sufficient  to  induce 
aggressive  breast  tumors  that  were  highly  metastatic.  All 
female  mice  developed  breast  tumors,  with  the  majority 
exhibiting  lung  and  liver  metastases.  Further  studies  have 
shown  that  Ron  elicits  its  tumorigenic  potential  in  vivo 
through  the  activation  of  downstream  signaling  pathways, 
including  [3-catenin,  PI3K/Akt,  MAPK,  STAT3  andNF-id3 
[14-18].  Ron’s  activation  of  (3-catenin  was  shown  to  be 
important  for  breast  tumor  onset,  growth  and  metastasis, 
with  activation  of  NF-kB  critical  for  regulating  tumor  cell 
survival  and  angiogenesis  [4,  17-19].  Thus,  mounting 
evidence  indicates  that  Ron  overexpression  is  a  causative 
factor  contributing  to  aggressive  breast  cancer  and 
metastatic  disease. 

Ron  expression  is  also  found  on  tissue  resident 
macrophages  [16,  20-25]  and  its  activity  has  been 
associated  with  resolving  the  inflammation  and  supporting 
tissue  healing  after  activation  of  the  innate  immune 
system  [24,  26-29].  Recent  studies  have  examined  the 
importance  of  Ron  in  the  polarization  of  tumor-associated 
macrophages  (TAMs),  where  Ron  signaling  loss  initiates 
a  switch  from  a  pro-tumorigenic  (M2)  polarization 
state  to  a  classical  or  inflammatory  (Ml)  state  [16,  30], 
leading  to  a  decrease  in  tumor  burden.  Decreased  tumor 
growth  was  associated  with  enhanced  numbers  of  CD8+ 
cytotoxic  T-cells  within  the  tumor  microenvironment. 
Further,  antibody  depletion  of  CD8+  T-cells  was  able  to 
restore  aggressive  tumorigenesis  [16],  indicating  that  Ron 
signaling  in  tumor-associated  macrophages  influences 
CD8+  cytotoxic  T-cell  activities  although  the  mechanisms 
associated  with  this  effect  are  not  known. 

HGFL  shares  a  similar  domain  structure  to  hepatocyte 
growth  factor  (HGF).  HGF  is  a  fibroblast-derived  growth 
factor  that  acts  in  a  paracrine  as  well  as  autocrine  manner 
to  activate  the  c-Met  receptor  [31].  HGFL  is  primarily 
produced  by  hepatocytes  and  is  secreted  into  the  circulation, 
acting  in  an  endocrine  manner  to  stimulate  Ron.  While 
there  is  an  abundance  of  studies  regarding  HGF  activity, 
only  a  few  reports  have  examined  the  importance  of  HGFL. 
Ectopic  overexpression  of  HGFL  in  mammary  tumor 
cells  derived  from  polyoma  middle  T-antigen  expressing 
mice  promoted  early  tumor  growth  and  broadened  the 


spectrum  of  metastasis  compared  to  control  tumor  cells 
[7].  Additionally,  ectopic  overexpression  of  HGFL 
increased  metastasis  of  small  cell  lung  carcinoma  cells 
[32].  Although  these  studies  suggest  an  important  function 
for  the  overexpression  of  HGFL  in  tumor  growth  and 
metastasis,  they  fail  to  decipher  the  physiological  relevance 
of  endogenous  levels  of  HGFL  in  tumorigenesis  and 
metastasis.  Prior  studies  in  this  area  have  shown  that  while 
HGFL  deletion  in  normal  mice  does  not  affect  circulating 
blood  counts  or  differentials,  examination  of  normal 
mammary  gland  development  in  HGFL-/—  mice  suggest 
that  HGFL  may  play  an  important  role  as  a  chemoattractant 
for  macrophages,  with  loss  of  HGFL  associated  with 
alterations  in  macrophage  recruitment  to  the  terminal  end 
bud  of  the  developing  mammary  gland  [39]. 

Here,  we  show  that  MMTV-Ron  mice  lacking 
HGFL  (MMTV-RonHGFW'  mice)  have  a  significant 
delay  in  the  development  of  mammary  hyperplasia  and 
mammary  tumor  onset.  This  delay  precedes  a  reduction  in 
tumor  size  and  reduced  metastatic  burden  in  the  MMTV- 
Ron"01 1  mice.  Moreover,  HGFL  deficient  tumors 
exhibited  decreased  cell  proliferation  and  angiogenesis  as 
well  as  increases  in  tumor  cell  death  compared  to  HGFL 
proficient  tumors.  In  vitro  examination  of  epithelial  cells 
derived  from  MMTV-Ron110"  mice  recapitulates  the  in 
vivo  tumor  cell  intrinsic  decreases  in  survival,  migration 
and  invasion  compared  to  HGFL  replete  cells.  Further, 
we  show  that  cytotoxic  T-cells  are  influenced  by  loss 
of  HGFL,  with  T-cells  from  MMTV-RonHGFL_'  mice 
displaying  increased  proliferation  and  more  efficient 
killing.  In  total,  this  study  highlights  the  importance 
of  HGFL  in  oncogenic  Ron  activation  and  mammary 
tumorigenesis  through  the  regulation  of  both  the  primary 
tumor  and  the  tumor  microenvironment. 

RESULTS 

HGFL  ablation  delays  the  onset  of  mammary 
hyperplasia  in  MMTV-Ron  mice 

To  determine  whether  loss  of  HGFL  changes 
ldnetics  of  mammary  tumorigenesis  in  MMTV-Ron  mice, 
the  MMTV-RonHGFL+/+  mice  were  crossed  to  HGFL-/- 
mice.  HGFL-/—  mice  are  phenotypically  normal  with 
no  differences  observed  in  the  number  or  morphology  of 
circulating  blood  cells  or  platelets  compared  to  control 
mice  [33].  The  contribution  of  HGFL  on  the  incidence  and 
development  of  hyperplasia  was  examined  by  isolating 
inguinal  mammary  glands  at  2.5,  4,  6,  8  and  10  months 
from  MMTV-RonHGFL+/+  and  MMTV-RontlGFL-/-  mice.  The 
presence  of  ductal  hyperplasia  was  identified  by  mammary 
whole  mount  and  histological  analyses  of  glands  from 
both  genotypes  (Figure  1).  By  4  months  of  age,  75%  of  the 
MMTV-RonHGFL+/l  mice  exhibited  ductal  hyperplasia  and 
by  8  months,  all  mammary  glands  from  MMTV-RonHGFL+/+ 
mice  displayed  hyperplasia.  In  contrast,  by  8  months  of 
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age,  only  about  50%  of  the  MMTV-RonHGFL  ^  glands 
contained  hyperplastic  nodules  and  a  significant  difference 
in  the  median  time  to  the  development  of  hyperplasia  was 
also  noted  between  groups  (Figure  1A).  Representative 
whole  mounts  and  histological  sections  at  8  months  for 
each  group  are  shown  in  Figure  IB.  To  further  examine 
the  role  of  HGFL  in  tumor  progression,  ductal  invasion 


(defined  as  tumor  cell  invasion  through  the  basement 
membrane)  was  quantified  by  determining  the  number  of 
ducts  with  invasive  carcinoma  by  histological  analysis. 
Similar  to  the  hyperplasia  data,  a  significant  decrease  in 
local  tumor  cell  invasion  was  apparent  in  the  mammary 
glands  of  MMTV-RonHGFL_/~  mice  at  4  and  6  months 
compared  to  MMTV-RonHGFL+/+  mice  (Figure  1C). 
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Figure  1:  Mammary  glands  from  MMTV-RonHGFL mice  exhibit  delayed  hyperplasia  and  invasive  ductal 
carcinoma.  A.  Quantification  of  mammary  hyperplasia  observed  in  inguinal  mammary  glands  by  whole  mount  and  H&E  analyses 
at  2.5,  4,  6,  8  and  10  months  in  MMTV-RonHGFL+ ,+  and  MMTV-RonHGFL~G  mice  (n  =  28-34/genotype).  MMTV-RonHGFL~G  mice  have  a 
significant  delay  in  the  development  of  mammary  hyperplasia,  with  a  median  time  to  hyperplasia  at  240  days  compared  to  120  days 
in  the  MMTV-RonHGFL+,+  mice,  *P  <  0.05.  B.  Representative  mammary  whole  mounts  and  H&E  sections  from  8-month-old  MMTV- 
RonHGFL+,+  and  MMTV-RonHGFL~G  mice.  Scale  Bar  100  pM.  C.  Quantification  of  invasive  ductal  carcinoma  at  4  and  6  months.  MMTV- 
RonHGFL  '  mice  have  significantly  reduced  local  tumor  invasion  compared  to  MMTV-RonHGFL+,+  mice  (n  =  20-30  sections  per  genotype 
per  time  point  from  4-6  mice  each).  *P  <  0.05. 
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HGFL  loss  impedes  mammary  tumor  formation 
and  metastatic  dissemination  in  MMTV-Ron  mice 

The  time  to  palpable  tumor  formation  was 
followed  in  mice  of  each  genotype.  Although  all  mice 
developed  mammary  tumors,  MMTV-Ron"011-  mice 
had  a  significant  delay  in  the  time  to  detection  of  palpable 
mammary  tumors  (Figure  2A).  A  significant  increase 
in  the  median  time  to  palpable  tumor  detection  in 
MMTV-Ron"0"-  mice  was  observed  compared  to 


MMTV-RonHGFL+,+  mice  (Figure  2A,  inset).  Tumor 
architecture,  as  examined  by  H&E  staining,  did  not  differ 
between  groups  (Figure  2B). 

To  examine  HGFL  loss,  Western  analysis  was 
performed  on  mammary  tumor  lysates  from  both  genotypes. 
HGFL  protein  was  detected  in  tumors  from  MMTV- 
Ron  "°"  mice  (Figure  2C).  Interestingly,  HGFL  mRNA 
expression  was  also  observed  in  mammary  tumors  from 
MMTV-RonHGFL+/+  mice  suggesting  that  HGFL  may  be 
locally  produced  during  mammary  tumor  progression 
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Figure  2:  Mammary  tumorigenesis  is  significantly  delayed  and  metastasis  reduced  in  MMTV-RonHGFL_/_  mice. 

A.  MMTV-RonHGFL~°  mice  ( n  =  19)  have  a  significant  delay  in  palpable  tumor  formation  and  the  median  time  to  palpable  tumors  (inset) 
compared  to  MMTV-RonHGFL+/+  mice  ( n  =  29).  B.  Representative  histological  images  of  mammary  tumors  from  MMTV-RonHGFL+/+  and 
MMTV-RonHGFL~°  mice  are  shown  and  were  taken  when  tumors  represented  approximately  10%  of  body  weight  in  each  genotype. 
C.  Mammary  tumors  from  MMTV-RonHGFL+,+  express  HGFL  protein  while  MMTV-RonHGFL"~  mice  do  not  as  depicted  by  Western  analyses 
of  tumor  lysates.  Tubulin  is  shown  as  a  loading  control.  Both  processed  (active)  and  pro-HGFL  are  present  in  the  mammary  tumors  of 
HGFL  expressing  mice.  D.  HGFL  mRNA  is  expressed  in  MMTV-RonHGFL+/+  mammary  tumors  while  tumors  from  HGFL  deficient  animals 
do  not  express  HGFL.  ( n  =  5-6/glands  from  independent  mice  were  examined/genotype).  E.  Oncomine  data  shows  that  HGFL  expression 
is  increased  in  ductal  breast  carcinoma  compared  to  normal  mammary  gland.  *P  <  0.05.  ND,  not  detectable. 
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(Figure  2D).  To  determine  if  FIGFL  expression  is  observed 
locally  in  human  breast  cancer,  the  Oncomine  database 
was  examined.  Figure  2E  depicts  FIGFL  mRNA  expression 
levels  significantly  upregulated  in  breast  carcinomas 
compared  to  normal  breast  tissue  [34].  Interestingly, 
examination  of  the  cBioPortal  datasets  showed  a  significant 
co-occurrence  of  Ron  and  FIGFL  in  breast  cancer  as  well  as 
in  other  cancer  types.  Further,  in  breast  cancer,  this  database 
lists  multiple  mutations  in  HGFL  that  are  associated  with 
reduced  survival  (83.3  vs.  122.8  months  inpatients  with  and 
without  a  mutation  respectively)  [35,  36]. 

MMTV-RonHGFL+/+  mice  exhibit  a  high  metastatic 
burden  [4]  and  a  comparative  analysis  of  metastasis  was 
performed  between  genotypes.  A  significant  reduction 
in  the  size  of  the  metastatic  foci  in  the  lungs  was  found 
in  the  MMTV-RonHGFL_  mice  compared  to  MMTV- 
RonHGFL+/+,  with  representative  lung  metastatic  foci  from 
the  MMTV-RonHGFL+/+  mice  at  6  months  compared  to  the 
smaller  MMTV-RonHGFLW  lung  foci  observed  at  8  months 
(Figure  3A).  In  the  liver,  a  significant  reduction  in  the 
number  of  mice  with  liver  metastasis  was  observed  at  all 


stages  examined  in  HGFL  deficient  mice,  with  less  than 
60%  of  the  M\1TV-RonHOI  I  ~  ~  livers  displaying  metastatic 
foci  at  10  months  (Figure  3B)  compared  to  controls 
with  100%  of  mice  exhibiting  liver  foci  by  6  months  of 
age.  Accordingly,  MMTV-RonHGFL_/~  exhibit  reduced 
expression  of  N-Cadherin  and  Vimentin,  markers  of 
epithelial  to  mesenchymal  transition  (EMT).  (Figure  3C). 

HGFL  deficient  tumors  have  decreased 
proliferation,  increased  cell  death  and 
reduced  angiogenesis 

To  examine  the  mechanism  behind  the  delay  in 
mammary  tumorigenesis  in  the  MMTV-Ron"GFI_  mice, 
mammary  tumor  sections,  from  mice  when  tumors  were 
at  similar  sizes,  were  examined  for  the  extent  of  mammary 
tumor  cell  turnover  by  BrdU  and  TUNEL  staining. 
MMTV-RonHGFL+/+  mammary  tumors  had  significantly 
more  proliferation  based  on  BrdU  incorporation  than 
MMTV-RonHGFL-/  mice  (Figure  4A).  Mammary  tumors 
from  MMTV-RonHGFL_/  mice  had  a  significant  increase 
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Figure  3:  Lung  and  liver  metastases  are  reduced  in  MMTV-RonHGFL  ““  mice.  Lung  and  liver  metastases  were  quantified  by 
histological  analysis  at  6,  8,  and  10  months  of  age.  A.  Lung  tumor  metastasis  was  significantly  reduced  in  MMTV-RonHGFL_G  mice  with  the 
size  of  metastatic  foci  in  MMTV-RonHGFL~  h  mice  significantly  smaller  compared  to  controls.  The  images  show  a  representative  metastatic 
lesion  in  the  lungs  of  a  MMTV-RonHGFL+,+  mouse  at  6  months  while  the  image  for  MMTV-RonHGFLG~  is  from  8  months  ( n  =  5-10/group 
and  time  point)  Scale  bar  =  100  pM.  B.  The  incidence  of  liver  metastases  was  significantly  reduced  in  MMTV-RonHGFLG~  mice  at  6  and 
10  months  of  age  ( n  =  5-10/group  and  time  point).  C.  Mammary  tumor  tissue  was  examined  by  qRT-PCR  for  expression  of  EMT  genes. 
N-cadherin  and  vimentin  were  significantly  down  regulated  in  MMTV-RonHGFLG~  mice  ( n  =  3-4/grp).  *P  <  0.05. 
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in  TUNEL  positive  cells  compared  to  tumors  from 
MMTV-RonHGFL+/+  mice  (Figure  4B).  Angiogenesis  was 
also  significantly  blunted  in  the  MMTV-RonHGFL_/_  as 
indicated  by  CD3 1  staining  of  vessels  (Figure  4C).  These 
data  suggest  that  loss  ofFIGFL  signaling  influences  tumor 
development  through  multiple  mechanisms. 

Tumors  from  MMTV-RonHGFL “  “  mice 
exhibit  significant  alterations  in  the  tumor 
microenvironment 

As  Ron  is  a  known  player  in  macrophage  function, 
the  distribution  and  activation  status  of  tumor-associated 
macrophages  was  examined.  A  significant  increase  in 
F4/80  positive  macrophages  was  measured  in  tumor 
sections  from  MMTV-RonHGFL_'  mice  compared  to 
controls  (Figure  5A).  This  increase  corresponded 


with  a  significant  decrease  in  Arginase  1  staining 
(a  M2  marker)  and  an  increase  in  iNOS  staining 
(a  Ml  marker),  suggesting  that  loss  of  Ron  signaling 
due  to  ligand  deletion  modifies  tumor-associated 
macrophages  toward  a  pro-inflammatory  phenotype. 
These  findings  were  further  substantiated  utilizing 
qRT-PCR,  wherein  mammary  tumor  samples  from 
MMTV-RonHGFL mice  showed  a  significant  increase  in 
pro-inflammatory  cytokine  expression  (Figure  5B). 
Along  with  the  increase  in  Ml  macrophage  marker 
message  expression,  T-cell  recruitment  signals 
(CXCL9)  along  with  co-stimulatory  molecules 
(CD80/CD86)  were  increased  in  MMTV-RonHGFL-/- 
tumors  (Figure  5B).  These  data  suggest  changes  in 
macrophage  polarization  may  drive  changes  in  T-cell 
recruitment  into  the  tumors  of  MMTV-RonHGFL_/_ 
mice.  This  notion  is  supported  by  IHC  data  that  shows 
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Figure  4:  Mammary  tumors  from  MMTV-RonHGrL ““  mice  exhibit  significantly  reduced  proliferation,  increased  cell 
death  and  reduced  vessel  staining.  Quantification  of  mammary  tumor  sections  and  representative  images  of  BrdU,  TUNEL  and 
CD31  stained  sections.  A.  MMTV-RonHGFL”  mice  have  significantly  reduced  number  of  proliferating  tumor  cells  compared  to  MMTV- 
RonHGFL+/+  tumors  (n  =  3  fields  per  mouse,  4  mice/group).  B.,  Mammary  tumors  from  MMTV-RonHGFL~'~  mice  exhibit  significantly  more 
cell  death  than  tumors  from  MMTV-RonHGFL+/"  mice  (n  =  3  fields  per  mouse,  4  mice/group).  C.  Quantification  of  CD31  staining  shows  a 
significant  reduction  in  vessel  density  in  MMTV-RonHGFL~  tumors  compared  to  MMTV-RonHGFL+/+  tumors,  (n  =  3  fields  per  mouse,  4  mice/ 
group).  *P  <  0.05,  Scale  bar  =100  pM. 
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Figure  5:  MMTV-RonHGFL  ““  mice  have  an  altered  tumor  microenvironment.  A.  Quantification  and  representative  images  of 
F4/80,  Arginase  I  and  iNOS  expression  in  MMTV-Ron  mammary  tumors  by  immunohistochemistry.  Loss  of  HGFL  increases  macrophage 
infiltration  and  polarization  toward  a  Ml  phenotype,  as  shown  by  decreased  Arginase  I  and  increased  iNOS  staining,  (n  =  3  sections  per 
mouse,  4  mice/group).  B.  Whole  tumor  tissue  was  examined  by  qRT-PCR  for  select  cytokine  and  chemokine  expression.  An  increase  in 
inflammatory  mediators  within  the  tumor  microenvironment  of  MMTV-RonHGFL~G  mice  compared  to  control  mice  was  apparent  while  the 
expression  of  T-cell  co-stimulatory  molecules  are  significantly  increased.  (n  =  6  per  group).  *P  <  0.05,  Scale  bar  =  100  pM. 


a  significant  increase  in  CD8+  T-cells  in  tumors  from 
HGFL  deficient  mice  compared  to  controls  (Figure  6A). 
To  examine  the  proliferative  capacity  of  the  CD8+ 
T-cells,  a  subset  of  mice  were  injected  with  EdU  14 
hours  prior  to  euthanasia.  Tumors  were  dissociated 
and  isolated  CD8+  T-cells  were  analyzed  for  EdU 
incorporation  by  flow  cytometry.  Figure  6B  shows  a 
significant  increase  in  the  percentage  of  EdU  positive 
CD8+  T-cells  in  MMTV-RonHGFL-/“  mice  compared 


to  HGFL  expressing  mice.  Further,  tumor-associated 
CD8+  T-cells  from  MMTV-RonHGFL_G  mice  express 
more  CD3e  receptor,  a  marker  of  activation,  than 
CD8+  T-cells  from  mammary  tumors  from  MMTV- 
RonHGFL+/+  mice  (Figure  6C).  To  investigate  changes  in 
T-cell  activity,  splenocytes  from  tumor-bearing  mice 
were  utilized.  Splenocytes  isolated  from  tumor  bearing 
MMTV-RonHGFL_/_  mice  exhibited  significant  increases 
in  T-cell  proliferation  ex  vivo  (Figure  6D).  Further, 
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Figure  6:  CD8+  T-eells  are  more  abundant  and  display  enhanced  cytotoxic  activities  in  MMTV-RonHGFL mice. 

A.  Quantification  and  representative  images  of  increased  infiltration  of  CD8+  T-cells  in  MMTV-RonHGFL~'~  tumors  (n  =  3  sections  per 
mouse,  4  mice/group).  B.  Tumor  infiltrating  CD8+  T-cells  are  more  proliferative  as  judged  by  EdU  incorporation  and  flow  cytometry. 
( n  =  3^1  per  group).  A  representative  flow  cytometry  image  of  immune  cells  from  mammary  tumors  of  MMTV-RonHGFL+,+  and  MMTV-RonHGFIW~ 
mice  examined  for  EdU  and  CD8+  T-  expression.  C.  CD3  receptor  expression,  a  marker  of  activated  T-cells,  is  significantly  increased  in 
CD8+  T-cells  from  MMTV-RonHGFIW~  tumors  versus  MMTV-RonHGFL+/~  tumors  when  measured  by  flow  cytometry  ( n  =  3-4  per  group). 
D.  Increases  in  splenic  T-cell  proliferation  were  observed  ex  vivo  following  CD3  stimulation  for  10  days  (n  =  8  replicates  per  mouse,  2  mice 
per  group).  E.  T-cells  from  MMTV-RonHGFL~'~  versus  MMTV-RonHGFL+,+  mice  have  increased  cytotoxic  activities  when  co-cultured  with 
mammary  tumor  cells  from  MMTV-Ron  mice  (R7  cells),  as  indicated  by  the  reduction  in  cell  number  measured  by  crystal  violet  assays 
(n  =  8  replicates  per  mouse,  2  mice  per  group).  *P  <  0.05,  Scale  bar  =  100  pM. 


when  cultured  along  with  R7  tumor  epithelial  cells 
(derived  from  a  mammary  tumor  from  MMTV-Ron 
mice),  splenic-derived  T-cells  from  MMTV-RonHGFL_/" 
mice  had  increased  cytotoxic  activity  compared  to  cells 
from  MMTV-RonHGFL+/+  mice  as  judged  by  a  reduction 


in  overall  mammary  tumor  cell  number  (Figure  6E). 
Together,  these  data  suggest  that  loss  of  HGFL  leads 
to  changes  in  macrophage  polarization  which  alter  the 
tumor  microenvironment  through  increased  recruitment, 
activation  and  cytotoxic  function  of  CD8+  T-cells. 
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Ron  kinase  activity  is  significantly  reduced  in 
MMTV-RonHGFL “  “  mice,  leading  to  diminished 
NF-kB  and  p-catenin  signaling 

To  determine  if  activation  of  Ron  is  affected  by 
HGFL  loss,  Ron  kinase  activity  and  phosphorylation  status 
in  mammary  tumors  from  MMTV-RonHGFL+/ 1  and  MMTV- 
RonHGFL_/~  mice  was  examined.  Kinase  assays  were 


performed  with  equal  amounts  of  Ron  immunoprecipitated 
from  mammary  tumor  lysates  of  MMTV-RonHGFL+/+  and 
MMTV-RonHGFL_/~  mice.  Ron  from  MMTV-RonHGFL+/+ 
tumors  robustly  phosphorylated  an  exogenous  substrate 
(myelin  basic  protein,  MBP)  compared  to  Ron  from 
MMTV-RonHGFL_,~  tumors  (Figure  7A-7B).  Ron  kinase 
activity  was  approximately  10-fold  more  active  from 
HGFL  replete  mice  compared  to  HGFL  deficient 
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Figure  7:  HGFL  loss  blunts  Ron  activation  in  mammary  tumors  from  MMTV-Ron  mice,  leading  to  down  regulation 
of  fi-catenin  and  the  NF-kB  pathway.  A.  Ron  activation  status  was  determined  by  immunoprecipitating  Ron  from  mammary  tumor 
lysates  from  MMTV-RonHGFL+  *  and  MMTV-RonHGFL~'~  mice  and  through  kinase  assays  evaluating  the  ability  of  Ron  to  phosphorylate  myelin 
basic  protein  (MBP).  A  representative  image  showing  the  extent  of  phosphorylated  (p)MBP  detected  by  autoradiography  is  shown.  Western 
analysis  of  the  amount  of  immunoprecipitated  Ron  (INPUT)  and  Ron  phosphorylation  (pRon)  is  shown.  B.  Graph  shows  quantification  of 
Ron  kinase  activity  from  three  independent  kinase  assays  with  n  =  3  samples  per  group  in  each  assay.  The  kinase  activity  is  normalized  to 
total  immunoprecipitated  Ron.  C.  Densitometric  analysis  of  phosphorylated  Ron  over  total  Ron  protein  levels  from  mammary  tumors  from 
MMTV-RonHGFL+,+  and  MMTV-RonHGFL~G  mice.  D&E.  Western  analysis  of  mammary  tumor  lysates  from  MMT V-RonHGFL+ "  and  MMTV- 
RonHGFF mice  for  (3-catenin  and  NF-kB  pathway  mediators  D.  and  cleaved  caspase  3  E.  Actin  serves  as  a  loading  control.  F.  Graphs  show 
protein  expression  normalized  to  Actin  or  total  protein  by  quantification  of  Western  blot  analyses  (n  =  4-6  mice  per  group).  *P  <  0.05. 
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mice.  Further,  a  significant  increase  in  the  amount  of 
phosphorylated  Ron  (Y1238/Y1239)  receptor  was  found 
in  MMTV-RonHGFL+/+  mammary  tumors  as  compared  to 
MMTV-Ron"01 L_/  tumors  (Figure  7A,  7C). 

Previous  studies  have  demonstrated  that  P-catenin 
loss  in  MMTV-Ron  mice  delays  the  onset  of  mammary 
hyperplasia,  time  to  palpable  tumor  formation  and  results 
in  decreased  metastasis  [18,  37].  Additional  studies  have 
shown  that  in  vivo  tumor  cell  survival  requires  Ron- 
dependent  NF-kB  activation  [17].  As  the  kinase  activity 
and  phosphorylation  status  of  Ron  were  significantly 
reduced  in  the  mammary  tumors  of  the  MMTV-RonHGFL_/" 
mice,  the  expression  of  downstream  signaling  pathways 
regulated  in  response  to  HGFL-mediated  Ron  activation  was 
examined.  Mammary  tumor  lysates  from  MMTV-RonHGFL+,+ 
and  MMTV-RonHGFL_/-  mice  were  isolated  and  subjected 
to  Western  analysis.  MMTV-Ron"011-  mammary  tumors 
exhibited  significantly  reduced  P-catenin  levels  compared  to 
MMTV-RonHGFL+/l  tumors.  While  no  appreciable  differences 
were  observed  in  the  activation  of  Akt,  MAPK  or  STAT3 
in  the  tumor  lysates  between  genotypes  (data  not  shown), 
several  components  of  the  NF-kB  pathway  were  modified 
in  MMTV-RonHGFL_/"  tumors.  Phosphorylated  NF-kB  was 
significantly  decreased  along  with  total  and  phosphorylated 
IKKa/p  in  the  MMTV-Ron"011  tumors  compared  to 
MMTV-RonHGFL+,+  controls  (Figure  7D).  Cleaved  caspase 
3  was  also  increased  in  MMTV-Ron110"  -  tumor  lysates 
(Figure  7E),  supporting  the  results  of  TUNEL  staining  in 
Figure  4B.  Figure  7F  depicts  quantification  of  Western  blot 
analyses.  These  data  suggest  that  activation  of  the  NF-kB 
pathway  is  dependent  on  HGFL-mediated  Ron  signaling 
and  may  drive  changes  in  apoptosis. 

Tumor  cell  autonomous  HGFL  expression 
enhances  the  metastatic  phenotype  of  Ron 
expressing  breast  cancer  cells 

As  qRT-PCR  data  suggested  that  tumors  from 
MMTV-RonHGFL+,H  mice  produce  HGFL  locally,  mam¬ 
mary  tumor  epithelial  cell  lines  were  derived  from 
MMTV-RonHGFL+  and  MMTV-RonHGFL"'  mice  and  further 
quantified  for  HGFL  expression.  Primary  mammary  tumor 
cells  derived  from  MMTV-RonHOFL-  mice  (referred  to  as 
H44  cells)  had  no  measurable  HGFL  message  or  protein 
expression  (Figure  8A).  However,  significant  HGFL 
expression  was  observed  in  primary  mammary  tumor  cells 
from  MMTV-RonHGFL+'  mice  (Figure  8A).  This  is  a  novel 
discovery,  as  no  reports  have  demonstrated  tumor  cell 
production  and  secretion  of  HGFL  from  breast  cancer  cells. 
To  characterize  the  requirement  for  tumor  cell  derived  HGFL 
in  metastatic  dissemination,  H44  mammary  tumor  cells 
were  transduced  with  control  or  HGFL  producing  lentiviral 
vectors  to  re-express  HGFL.  The  HGFL  overexpressing 
cells  (H44o/e)  produce  and  secrete  HGFL  (Figure  8B). 
While  the  growth  of  the  H44  and  H44o/e  cells  did  not  differ 
in  vitro  (data  not  shown),  the  H44o/e  cells  had  significantly 


elevated  migration  (Figure  8B)  and  invasion  (Figure  8C) 
compared  to  H44  cells.  Further,  in  an  examination  of 
downstream  signaling  pathways,  HGFL  re-expression 
was  able  to  promote  NF-kB  activation  (Figure  8D) 
and  P-catenin  expression  (data  not  shown).  HGFL 
expression  also  augmented  survival  of  the  mammary  tumor 
cells  as  judged  by  Annexin  V-PI  staining  (Figure  8E). 
Consistent  with  promoting  survival,  HGFL  re-expression 
also  decreased  cleaved  caspase-3  protein  (Figure  8D). 
Together,  these  data  highlight  the  importance  of  tumor  cell 
autonomous  HGFL  in  the  metastatic  program. 

DISCUSSION 

There  are  mounting  reports  implicating  the  Ron 
receptor  tyrosine  kinase  in  breast  cancer  progression 
and  metastasis.  However,  there  is  scant  information  on 
whether  Ron  activation  in  this  context  requires  its  ligand, 
HGFL.  Limited  studies  have  highlighted  the  importance 
of  HGFL  in  tumor  models,  including  the  mammary  gland 
using  ectopic  overexpression  [7,  32].  However,  a  major 
limitation  of  overexpression  studies  is  that  they  do  not 
investigate  function  within  a  physiological  context.  The 
study  presented  here  is  the  first  to  examine  the  role  of 
endogenous  HGFL  in  the  context  of  Ron  overexpression, 
a  condition  associated  with  poor  prognosis  in  human 
tumors  [7].  In  support  of  this  data,  mammary  gland 
specific  overexpression  of  HGF  (the  ligand  for  c-Met) 
in  transgenic  mice  induces  mammary  hyperplasia  that 
progressed  to  form  invasive  mammary  tumors  compared  to 
wild  type  mice  [38].  Akin  with  overexpression  studies,  our 
data  demonstrates  the  importance  of  HGFL  in  promoting 
ductal  hyperplasia  and  progression  to  tumorigenesis  in 
MMTV-Ron  mice.  Additionally,  HGF  overexpressing 
mammary  tumors  led  to  increased  phosphorylation  of  the 
c-Met  receptor  [38].  Similarly,  decreased  phosphorylation 
and  activity  of  the  Ron  receptor  was  observed  in  MMTV- 
RonHGFL_/-  tumors  compared  to  MMTV-Ron110"  -  tumors. 
These  data  highlight  the  importance  of  endogenous  HGFL 
in  Ron  activation  during  mammary  tumorigenesis. 

Previous  studies  have  documented  that  Ron  or 
HGFL  overexpression  is  associated  with  heightened 
metastasis  [4-7,  15].  In  this  report,  both  local  invasion  as 
well  as  metastatic  dissemination  was  examined  temporally. 
Interestingly,  evidence  of  tumor  cells  invading  into  the 
surrounding  mammary  gland  (invasive  ductal  carcinoma) 
were  identified  in  both  MMTV-RonHGFL+/+  and  MMTV- 
RonHGFL_/-  glands  as  early  as  4  months.  However,  MMTV- 
RonHGFL+/+  mice  had  a  significantly  higher  percentage  of 
ducts  exhibiting  local  invasion  at  all  measured  time  points 
compared  to  MMTV-RonHGFL_/-  animals.  Consistent  with 
the  high  invasive  capacity  of  Ron  expressing  mammary 
tumors,  100%  of  mice  examined  in  the  MMTV-RonHGFL+/+ 
group  had  metastasis  to  the  lungs  and  liver  at  8  and  10 
months.  In  comparison,  significantly  fewer  MMTV- 
RonHGFL-/-  mice  had  liver  metastasis  at  these  time  points 
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Figure  8:  Tumor  cell  autonomous  HGFL  expression  is  important  for  mammary  tumor  cell  migration,  invasion  and 
survival.  A.  Expression  of  HGFL  in  mammary  tumor  cell  lines  derived  from  MMTV-Ron  mice.  Mammary  epithelial  cells  from  MMTV- 
RonHGFL+/+  mice  express  and  secrete  processed  HGFL  while  MMTV-RonHGFLG~  cells  have  no  detectable  expression  of  HGFL.  B-C.  H44  cells 
transduced  to  re-express  HGFL  (H44o/e)  are  significantly  more  migratory  and  invasive  compared  to  HGFL  deficient  H44  cells  (composite  of 
n  =  9  wells  per  group).  D.  Isolated  epithelial  cells  with  and  without  HGFL  recapitulate  the  protein  alterations  observed  from  mammary  tumors 
in  MMTV-Ron  mice  with  reduced  NF-kB  pathway  activation  observed  in  HGFL  deficient  cells.  E.  HGFL  deficient  cells  (H44)  are  more 
apoptotic  than  those  expressing  HGFL  by  Annexin  V/PI  staining  (composite  of  n  =  9  wells  per  group).  *P  <  0.05,  ND  =  not  detectable. 


(50%  at  6  months  and  60%  at  10  months).  While  the 
incidence  of  lung  metastases  was  similar  between 
groups,  metastatic  foci  were  significantly  smaller  in  the 
MMTV-RonIIG"  ~  lungs  compared  to  lungs  from  MMTV- 
RonHGFL+/+  mice.  These  results  are  similar  to  that  reported 


in  the  polyoma  middle  T-antigen  expressing  mouse 
mammary  tumor  model,  where  ectopic  overexpression 
of  HGFL  led  to  an  increased  metastatic  burden  compared 
to  control  mice  [7].  Further  studies  have  shown  that 
Huh7  liver  cells  treated  with  exogenous  HGFL  display 
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epithelial-mesenchymal  transition  (EMT)  markers  in 
vitro  [40],  consistent  with  the  data  herein  demonstrating 
reduced  EMT  marker  expression  in  HGFL  deficient 
tumors  compared  to  HGFL  replete  tumors.  Together,  these 
data  highlight  the  importance  of  endogenous  HGFL  in  the 
activation  of  Ron  in  cancer  cell  invasion  and  metastasis. 

An  interesting  finding  of  these  studies  was  the 
alterations  observed  in  the  tumor  microenvironment.  In 
the  current  study,  loss  of  HGFL  regulated  the  recruitment 
and  polarization  of  tumor-associated  macrophages, 
similar  to  recent  studies  using  Ron  signaling  deficient 
mice  showing  decreased  tumor  burden  associated  with 
increased  Ml  macrophage  infiltration  and  cytotoxic  T  cell 
activity  [16,  30].  With  loss  of  Ron  signaling,  the  tumor- 
associated  macrophages  expressed  markers  of  classically 
activated  (Ml)  macrophages  and  were  associated  with 
significant  increases  in  proinflammatory  cytokines,  as 
well  as  markers  of  cytotoxic  T-cells.  T-cell  numbers  were 
significantly  increased  in  MMTV-RonHGFL_'  mice,  with 
tumor-associated  CD8+  T-cells  proliferating  more  than 
those  from  MMTV-RonHGFL+/+  mice.  F urther  investigation 
showed  increased  cytotoxic  activity  of  T-cells  in  the 
MMTV-RonHGFL_G  mice.  Increases  in  tumor-infiltrating 
lymphocytes,  including  CD8+  T-cells,  are  widely 
associated  with  improved  outcomes  in  human  breast 
cancer  patients  [41-45]. 

In  addition  to  immune  cells,  HGFL  loss  also  had 
a  profound  effect  on  the  formation  of  vessels  within  the 
tumor  microenvironment.  These  results  are  similar  to 
published  studies  that  describe  Ron  expression  in  the 
tumor  proper  as  a  promoter  of  tumor  angiogenesis.  In 
vitro,  knockdown  of  Ron  expression  in  prostate  cancer 
cells  reduced  the  production  of  angiogenic  chemokines 
(CXCL1,  5  and  8)  leading  to  a  decrease  in  endothelial  cell 
migration  [19].  Correspondingly,  in  vivo  implantation  of 
Ron  knockdown  cells  in  mouse  xenograft  experiments  lead 
to  decreased  tumor  growth  and  angiogenesis  compared  to 
Ron  expressing  cells.  Further,  conditioned  media  from 
Ron  expressing  pancreatic  cells  induced  microtubule 
formation  in  human  microvascular  endothelial  cells  [46]. 
Together  these  data  show  that  activation  of  Ron  signaling 
within  tumor  cells  plays  an  important  role  in  mediating 
vessel  formation  in  the  growing  tumor.  Similarly,  our  data 
show  a  decrease  in  CD3 1  staining  in  MMTV-RonHGFL_/_ 
mice,  indicative  of  reduced  vessel  density  compared  to 
control  mice. 

The  data  herein  are  the  first  to  suggest  that  HGFL  is 
playing  an  important  role  in  cross  talk  between  multiple 
cell  types  within  the  tumor  microenvironment.  As  the  Ron 
receptor  is  a  target  of  broad- spectrum  kinase  inhibitors 
and  specific  antibodies  currently  in  clinical  trials,  our 
data  provide  strong  pre-clinical  support  for  targeting  this 
signaling  pathway  and  more  specifically  for  targeting  HGFL 
in  breast  cancer.  Further,  targeting  of  HGFL-Ron  signaling 
may  provide  the  signals  needed  to  reactivate  the  anti-tumor 
immune  response,  leading  to  an  effective  therapy  for  breast 
cancer  and  other  Ron  expressing  tumor  types. 


Many  pathways  are  activated  by  the  Ron  receptor 
tyrosine  kinase,  including  P-catenin  PI3K/Akt,  MAPK, 
NF-kB  and  STAT3.  In  the  context  of  this  study,  loss 
of  HGFL  under  conditions  of  Ron  overexpression  led 
to  alterations  in  the  NF-kB  pathway  and  a  reduction  in 
P-catenin.  P-catenin  is  a  component  of  the  Wnt  signaling 
pathway  and  is  critical  for  multiple  cell  functions.  HGFL 
dependent  Ron  signaling  has  been  shown  to  stimulate 
P-catenin  nuclear  localization  and  transcriptional  activity 
in  human  and  mouse  breast  cancer  cell  lines  in  vitro  and 
in  vivo  [18,  37,  47].  The  results  described  herein  extend 
these  observations  and  further  strengthen  the  connection 
between  Ron  signaling  and  P-catenin,  whose  deregulated 
expression  is  associated  with  poor  prognosis  in  breast 
cancer.  These  data  are  consistent  with  published  studies 
showing  P-catenin  nuclear  accumulation  in  WAP-HGF 
mammary  tumors  [38],  suggesting  a  strong  association 
between  HGFL  expression  and  P-catenin  signaling. 
The  NF-kB  signaling  pathway  is  known  to  activate  a 
vast  number  of  target  genes,  generally  thought  as  pro¬ 
survival  factors  which  support  cancer  development  [48]. 
Knockdown  of  Ron  signaling  using  siRNA  in  prostate 
tumor  cell  lines  showed  increased  accumulation  of  the 
NF-kB  inhibitory  protein  IkBcc  as  well  as  reduced  NF- 
kB  activity  [19].  These  changes  were  associated  with  a 
reduction  in  angiogenic  chemokines  and  reduced  vessel 
density.  Our  data  show  a  reduction  of  the  NF-kB  pathway 
through  reduced  NF-kB  and  IKKa/p  phosphorylation  as 
well  as  reduced  CD31  staining.  The  reduction  of  NF- 
kB  signaling  suggests  reduced  activation  of  downstream 
target  genes.  Some  of  these  target  genes  include  those 
involved  in  apoptosis,  such  as  X-link  inhibitor  of 
apoptosis  protein  (XIAP),  an  inhibitor  of  caspase-  3  and 
7  [49].  An  increase  in  cleaved  caspase-3  protein  was 
observed  in  mammary  tumors  of  MMTV-RonHGFL_/  mice 
compared  to  MMTV-RonHGFL+/+  mice,  along  with  increased 
apoptosis  as  measured  by  TUNEL  assays.  These  data  are 
supported  by  in  vitro  HGFL  re-expression  assays  in  HGFL 
deficient  cells,  where  HGFL  expression  lessened  cleaved 
caspase-3  protein  expression  and  apoptosis  measured  by 
Annexin  V/PI  flow  cytometry.  In  the  context  of  mammary 
tumorigenesis,  our  results  suggest  that  HGFL  may 
promote  mammary  tumorigenesis  and  metastasis  through 
a  mechanism  associated  with  increased  tumor  cell  survival 
mediated  by  NF-kB  and  P-catenin  signaling. 

Importantly,  this  is  the  first  study  to  describe 
the  tumor  cell  autonomous  production  of  HGFL  from 
mammary  tumors  cells.  Recent  publications  from  our 
group  have  shown  that  HGFL  expression  is  present  in  the 
developing  mammary  gland  as  well  as  in  prostate  tumor 
cells  [39,  50].  In  this  study,  we  demonstrate  heightened 
HGFL  mRNA  expression  during  tumorigenesis.  The 
source  of  local  HGFL  production  is  the  tumor  epithelial 
cells,  which  was  confirmed  in  cell  lines  derived  from 
Ron  overexpressing  tumors.  As  the  liver  maintains 
circulating  HGFL  at  a  high  concentration,  the  production 
of  locally  derived  HGFL  suggests  that  local  HGFL 
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may  play  a  crucial  role  in  tumorigenesis  by  influencing 
multiple  cell  types  within  the  tumor  microenvironment. 
Functionally,  studies  in  this  report  demonstrate  that 
tumor  cell  autonomous  HGFL  production,  in  isolated 
mammary  tumor  epithelial  cells,  is  sufficient  for  enhanced 
invasion,  migration  and  survival  in  vitro.  These  in  vitro 
studies  clearly  support  the  in  vivo  findings  of  decreased 
metastatic  capability  of  mammary  tumor  cells  lacking 
F1GFL  as  well  as  reduced  EMT  gene  expression  in 
mammary  tumors  of  MMTV-RonHGFL~'  mice,  suggesting 
that  tumor  cell  produced  HGFL  is  of  critical  importance 
within  the  developing  tumor.  However,  the  extent  to 
which  additional  tumor  models  and  human  tumors  exhibit 
HGFL  upregulation  and  invasive  growth  remains  to  be 
determined. 

The  regulation  of  Ron  activation  and  subsequent 
signaling  by  HGFL  represent  a  novel  and  specific  target 
for  cancer  therapeutics.  The  only  known  receptor  for 
HGFL  is  Ron  and  despite  sequence  homology,  HGF 
and  HGFL  are  not  cross-reactive  [9].  As  such,  HGFL 
is  an  attractive  therapeutic  candidate  for  targeting  the 
Ron  receptor  pathway.  Several  broad-spectrum  receptor 
tyrosine  kinase  inhibitors  with  some  affinity  for  Ron  are 
already  in  phase  I-II  clinical  trials.  These  drugs  have 
shown  effectiveness  in  preclinical  models  [51,  52]  and 
Foretinib  has  been  shown  to  reduce  phosphorylation  of 
Ron  in  human  patient  samples  [52].  The  data  presented 
here  clearly  implicate  the  importance  of  HGFL  for 
activation  of  Ron  signaling  in  tumor  formation  and 
metastatic  dissemination,  suggesting  the  targeting  of 
Ron,  either  through  current  receptor  tyrosine  kinase 
inhibitors  or  through  blockade  of  HGFL  binding  may 
be  suitable  for  inhibiting  Ron  activated  downstream 
signaling.  Further,  inhibition  of  Ron  signaling  drives 
macrophage  polarization  toward  a  pro-inflammatory 
phenotype,  which  may  allow  for  immune  cell 
recognition  of  tumor  cells  and  facilitate  immune 
mediated  tumor  killing  through  both  macrophages  and 
cytotoxic  T-cells. 

In  conclusion,  we  show  that  HGFL  expression 
enhances  Ron-driven  mammary  tumorigenesis.  Loss 
of  HGFL  delays  mammary  tumor  formation  and 
progression  along  with  metastatic  dissemination.  These 
delays  are  associated  with  reduced  Ron  phosphorylation 
and  Ron  activity  that  manifest  as  downregulation  in 
P-catenin  and  NF-kB  signaling.  Further,  the  reduction 
in  tumor  burden  is  associated  with  increased  apoptosis 
in  tumors  as  well  as  isolated  mammary  epithelial  cells 
lacking  HGFL.  We  describe  changes  within  immune  cells 
of  the  tumor  microenvironment,  whose  increased  activity 
may  be  causal  in  the  diminution  of  tumor  burden  seen 
in  the  MMTV-RonHGFL_/  mice.  Finally,  we  demonstrate 
that  tumor  epithelial  cells  are  capable  of  producing  and 
secreting  HGFL,  suggesting  that  tumor  cell  produced 
HGFL  is  playing  a  major  role  in  Ron  activation  and 
subsequent  tumorigenesis.  The  data  presented  here 


provide  the  rationale  for  the  development  of  targeted 
therapies  that  inhibit  HGFL  binding  and  subsequent 
activation  of  Ron. 

MATERIALS  AND  METHODS 
Generation  of  mice 

To  generate  MMTV-Ron"0"  FVB  female 
HGFL-/-  mice  (backcrossed  9  generations  to  FVB) 
[33]  were  crossed  to  FVB  MMTV-Ron  positive  males. 
The  resultant  heterozygous  males  ( M  M T V-  R o n + HO "  ) 

were  backcrossed  to  HGFL+/—  females  to  generate  the 
females  used  in  this  study.  Female  mice  were  maintained 
as  described  previously  [4].  Genotyping  of  transgenic 
mice  was  performed  by  PCR  analysis.  Primers  sets  for 
identification  of  MMTV-Ron  and  HGFL-/—  mice  are 
as  follows:  MMTV-Ron  forward  5'-TGG  GTG  GTG 
AGG  TCT  GCC  AAC  ATG  A-3',  reverse  5'-CCG  TCT 
TCG  GGA  GTT  AAA  GAT  CAG  GG-3'.  For  HGFL,  the 
following  3  primers  were  utilized:  5'-AAT  CTG  GGT 
TGC  CAG  TTA  ACT  TTG  TGT  -3',  5'-AAG  TTC  TCT 
TCC  AGG  CCA  TTC  TTT  GGC-3',  5'-  GGA  AAA  GCG 
CCT  CCC  CTACCC  GG-3'. 

Mammary  tumor  initiation  and  progression 

Females  were  palpated  weekly  to  assess  mammary 
tumor  development  as  previously  described  [4].  At  the 
designated  time  points,  frozen  and  formalin  fixed  tissues 
were  collected  from  thoracic  and  inguinal  mammary 
glands,  lungs  and  liver.  All  animal  procedures  were 
approved  by  the  University  of  Cincinnati  Institutional 
Animal  Care  and  Use  Committee. 

Cell  culture 

Mammary  epithelial  tumor  cell  lines  from  MMTV- 
RonHGFL+/+  mice  (R7  cells)  and  MMTV-RonHGFL-/~  mice 
(H44  cells)  were  derived  as  previously  described  [4,  53]. 
H44  cells  were  infected  with  lentiviral  vector  constructs 
designed  to  re-express  HGFL  (H44o/e).  HGFL  secretion 
from  stably  transduced  cells  was  verified  using  western 
analysis  (described  below). 

In  vitro  assays 

All  assays  were  performed  in  triplicate  and  repeated 
at  least  3  times.  Boyden  chambers  were  used  for  migration 
and  invasion  assays,  with  the  addition  of  1:1  matrigel: 
media  (BD  Biosciences,  San  Jose,  CA)  coating  the  top 
well  for  invasion  assays.  MTT  (3-(4,  5-Dimethylthiazol- 
2-yl)-2,  5-diphenyltetrazolium  bromide,  Sigma  Aldrich, 
St,  Louis,  MO)  was  used  to  quantify  cell  viability  at 
0,  24  and  48  hours.  Annexin  V  and  propidium  iodide 
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(BD  Biosciences)  staining  was  used  to  measure  cell  death 
on  serum-starved  cells  at  24  hours. 

Tissue  histology 

Tissues  were  processed  as  described  previously  [4]. 
Briefly,  mammary  glands,  lungs,  and  liver  samples  were 
fixed,  paraffin  embedded,  and  cut  into  in  4  pm  sections. 
Sections  were  stained  with  hematoxylin  and  eosin  for 
routine  histological  examination.  Whole  mount  analysis 
was  completed  as  previously  described  [4]. 

For  BrdU  analysis,  mice  were  injected  with 
5-bromo-2'-deoxyuridine  (BrdU)  2  hours  prior  to 
euthanasia  and  immunohistochemistry  was  performed  as 
previously  described  [54].  In  Situ  Apoptosis  Detection  Kit 
(EMD  Millipore,  Billerica,  MA)  was  used  according  to 
the  manufacturer’s  instructions  for  TUNEL  staining.  For 
both  proliferation  and  apoptosis,  quantification  of  positive 
epithelial  cells  at  400X  magnification  was  completed  by 
counting  at  least  three  independent  fields  per  slide  from  at 
least  three  different  tumors  from  each  group. 

Standard  procedures  were  used  for  staining  of  F4/80 
(eBiosciences,  San  Diego,  CA),  Arginase  I  (BD),  iNOS  (BD 
Biosciences)  and  CD8a  (BD  Biosciences),  with  the  number 
of  positive  cells  counted  in  at  least  three  independent  fields 
per  slide  from  at  least  three  different  tumors  per  group. 
CD3 1  (Dako,  Carpinteria,  CA)  was  stained  using  standard 
procedures  and  quantified  using  image  J  software  to 
calculate  area  stained  in  at  least  three  independent  fields  per 
slide  from  at  least  three  different  tumors  from  each  group. 

Kinase  assays,  western  blotting  and  quantitative 
real  time  (qRT)-PCR 

Kinase  assays  were  performed  according  to  published 
protocols  [4].  In  brief,  Ron  was  immunoprecipitated  from 
500  pg  mammary  tumor  lysates  from  MMTV-RonHGFL+/+ 
and  MMTV-RonHGFL_/  mice  with  2  pg  of  primary  antibody 
(anti-Ron  C-20,  Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA,  USA).  Equal  amounts  of  immunoprecipitated  Ron 
were  placed  in  a  kinase  reaction  with  equal  concentrations 
of  myelin  basic  protein  (MBP)  (Millipore,  Billerica,  MA, 
USA)  as  substrate  and  [y-32P]-ATP  as  the  phosphate  donor. 
Following  incubation,  samples  were  separated  using  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  and 
the  gels  were  fixed,  dried  and  imaged  on  a  phosphoimager 
to  detect  labeled  MBP.  Kinase  activity  was  normalized  to 
total  immunoprecipitated  Ron  following  Western  analysis 
(INPUT)  of  immunoprecipitated  Ron.  For  measurement  of 
secreted  HGFL,  cells  were  seeded  at  an  equal  density  and 
incubated  for  36  hours  in  serum  free  media.  The  conditioned 
media  from  these  cells  was  collected  and  concentrated  using 
Amicon  Ultracel  filter  units  with  3kD  membranes  (EMD 
Millipore).  For  total  tissue  lysates,  the  following  antibodies 
were  used:  phospho-NF-icB,  phospho-IKKa/p,  total  NF-kB, 
total  IKK,  cleaved  caspase-3,  phospho-Stat3,  and  P-catenin 


(Cell  Signaling  Technology,  Danvers,  MA)  as  well  as 
HGFL  (Santa  Cruz  Biotechnology,  Dallas,  TX).  P-Actin 
(Cell  Signaling)  or  a-tubulin  (Santa  Cruz)  expression  was 
measured  as  a  loading  control.  qRT-PCR  was  performed  as 
previously  described  [25]  and  primer  sets  used  are  as  follows: 

18S  (AGTCCCTGCCCTTTGTACACA,  GATCC  GAGGG 
CCTCACTAAAC); 

CD80  (ACCCCCAACATAA  CTGAGTCT,  TTCCAACC 
AAGAGAAGCGAGG) ; 

CD86  (CTTACGGAAGCACCCACGAT,  TCTCCACGG 
AAAC  AGCATCT); 

CXCL9  (GGAGTTCGAGGAACCCTAGTG,  GGGATTT 
GTAGT  GGAT  CGT  GC) ; 

CXCR3  (TACCTTGAGGTTAGTGAACGTCA,  CGCTC 
TCGTTTTCCCC  ATAATC); 

HGFL  (GCTGTGGCATCAAAACCT,  TGGAAAGGGTG 
CGAGT); 

iCOS  (T GACCCACCTCCTTTT C AAG,  TTAGGGTCAT 
GCACACT  GGA) ; 

TNFct  (GGTCCCC  AAAGGGAT  GAGA  A,  CTCCAGCT 
GCTCCTCCACTT); 

Vimentin  (CCAACCTTTTCTTCCCTGAA,  TGAGTG 
GGT  GT  C  AACCAGAG) ; 

N-Cadherin  (AGCGC AGT CTTACCG AAGG,  TCGCTG 
CTTT  C  ATACT  G  AACTTT ) 

IFNy  (GATATCTCGAGGAACTGGCAAAA,  CTTCAAA 
GAGTCT  GAGGTAG  AAAG  AGATAAT) . 

T-cell  isolation  and  EdU  analysis 

For  EdU  analysis  of  tumor  associated  CD8+  T-cells, 
mice  were  injected  with  5-ethynyl-2'-deoxyuridine  (EdU) 
14  hours  prior  to  euthanasia.  Single  cell  suspensions  of 
mammary  tumors  were  obtained  using  enzymatic  and 
mechanical  dissociation  followed  by  immune  cell  fraction 
isolation  using  gradient  centrifugation.  Immune  cell 
fractions  were  sorted  by  flow  cytometry  for  the  isolation  of 
purified  CD8a+  T-cells  (CD8a-APC,  eBiosciences).  Sorted 
CD8+  T-cells  were  stained  for  CD3-PE  (eBiosciences) 
and  measured  using  flow  cytometry.  Co- staining  for 
EdU  incorporation  (FITC)  and  CD8a  expression  was 
completed  according  to  manufacturer’s  instructions  (Life 
Technologies,  Grand  Island,  NY)  and  analyzed  by  flow 
cytometry.  Splenocytes  were  isolated  using  mechanical 
separation  of  whole  spleens  followed  by  elimination 
of  red  blood  cells  using  erythrocyte  lysis  buffer.  For 
proliferation,  cells  were  plated  on  CD3e  antibody  coated 
plates  (BD  Biosciences)  and  counted  using  both  manual 
counting  and  OD  values  from  crystal  violet  stained 
cells.  For  cytotoxicity  assays,  splenocyte  derived  T-cells 
were  co-cultured  with  R7  mammary  tumor  cells.  After 
24  hours,  cells  were  washed  to  remove  T-cells  and  dead 
tumor  cells,  the  remaining  viable  cells  were  fixed  in  4% 
paraformaldehyde.  Following  fixation,  cells  were  stained 
with  crystal  violet  and  cell  viability  read  at  Abs  (570  mm). 
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Statistical  analysis 

Statistical  analysis  for  hyperplasia  was  determined 
using  z-test.  Data  on  tumor  development  was  subjected 
to  Kaplan-Meier  analysis  using  a  log-rank  test.  Incidence 
data  (invasive  ductal  carcinoma  and  metastasis  incidence) 
were  analyzed  using  Fisher’s  Exact  Test.  All  other  data 
are  represented  as  the  mean  ±  SE  and  were  analyzed  with 
Student’s  t-tests  using  GraphPad  Prism  software  (San 
Diego,  CA).  Significance  was  set  at  P  <  0.05. 
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